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Teclndcal Paper Xo. 2 



Model Tests of Latticed Structural Frames 



SYNOPSIS 

THIS paper describes a series of beam, torsion 
and compression tests on twelve models of 
latticed frame construction. The models include 
riveted frames of square, rectangular and triangu- 
lar cross section, braced with single-diagonal, dou- 
ble-diagoiud and ((uadrangular systems of lattic- 
ing. The experimental results emphasize some 
fundamental differences in the behavior of single- 
and double-angle meml>ers, sliow the effects of 
joint eccentricities upon secondary stresses and 
deflections, and indicate the effects of lateral brac- 
ing on the ultimate compressive strength of con- 
tinuous chords. Comparisons of measured and 
computed stresses and deflections are presented 
for a number of cases to show the importance of 
considering the above factors in design. 

INTRODUCTION 

Tliis experimental investigation was originally 
undertaken in connection with the design of alumi- 
num alloy dragline booms. These booms are usu- 
ally composed of continuous longitudinal chords 
tied together by means of some form of latticing. 
Although the design is based on the assumption 
that the boom acts principally as a comi)ression 
strut, bending loads from wind, swing and dead 
load are also considered. In designing for minimum 



weight it is essential to know the relati\e merits (jf 
various types of latticing in relation to different 
combinations of loading. It is particularly import- 
ant to know which types of latticing produce a 
minimum of secondary bending in the chords, 
since tests of booms in service have shown that 
such bending may be of serious magnitude. 

In developing this program of model tests it 
became api>arent that the results could readily be 
made applicable, at least qualitatively, to latticed 
structural frames in general, including not only 
dragline booms, but all frames constructed with 
continuous chords joined by a system of latticing. 
With this in mind several models not strictly rejire- 
sentative of dragline boom construction were in- 
cluded because of their general structural interest. 

The twelve models used in this investigation 
were built of Alcoa alloy 17S-T, but it should be 
emphasized that the results of the tests, except 
ultimate strengths, aj)ply equally well to other 
strong ahmiinum alloys. Each of the models was 
tested under a variety of loading conditions in or- 
der to obtain experimental evidence concerning the 
relative merits of different types of latticing, the 
range of secondary stresses likely to be encount- 
ered, and other useful structural information. It is 
the purpose of this paper to discuss some of the 
more significant results obtained. 



Description of Models 



THE twelve models built for test were all of 
riveted construction, 10J)..> inches in overall 
length. Twelve-inch [)anel lengths were used in at 
least two planes of latticing. The essential differ- 
ences mav be described as follows: 



Frames Xo. 1 to 4 were of identical square 
section with '^4 inch by -^4 inch by Y2 ii^f'l^ singh'- 
angle chords and Y2 i'^<^'^* *>>' Y2 ^'i^'^^ ^*y 3r) inch 
single-angle latticing. Photographs of the frames 
are shovvTi in Figures 17 and 18. In F^ranie Xo. 1 
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the panel points in adjacent planes of latticing 
were staggered, while in Xos. 2, 3 and 4 the panel 
points coincided. The latticing at each panel point 
in Nos. 1, ^ and 3 was connected to the chords by 
a single rivet, while in No. 4 each bar had separate 
connections. The joint details are indicated in 
Figure 11. Frames No. 2 and 3 were identical ex- 
cept that an extra transverse cross-frame, similar 
to that used at the ends, was used at the mid-point 
of No. 3. 

Frames No. 5, 6 and 7 were of square section 
with ^ inch by ^ inch by ^ inch single-angle 
chords, similar to Nos. 1 to 4 but with J^ inch by 
-^ inch double diagonal straps and H ii^<^*^i ^>y 
3^ inch by 3i6 inch single-angle struts for latticing. 
Photographs of these frames are shown in Figures 
3, 19 and 20. In Frames No. .5 and 6 the latticing 
at each panel point was connected to the chords 
by a single rivet, while in No. 7 separate connec- 
tions were used for each bar. The joint details are 
indicated in Figure 12. Frames No. 5 and 6 were 
identical except that extra transverse cross-frames 
were used at the third j>oints of No. 6. 

Frame No. 8 was also of square section with 
^ inch by ^ inch by ^ inch single-angle chords 
but with a quadrangular system of latticing of the 
Vierendeel type. The lattice bars consisted of small 
channels of 0.060 inch thick material, % inch deej) 
with J<4 inch flanges.* Figure 12 indicates the joint 
details and Figures 1, 2 and 20 show photograpiis 
of the frame. 

Frames No. S) and 10 were of rectangular sec- 
tion with ^4 inch by J^ inch by j2 i"<'h double- 
angle chords. Single-diagonal latticing was used 
in the 12-inch planes, while double diagonals with 



struts were used in the 18-inch planes. Figures 5 
to 8 indicate the structural details. The only differ- 
ence in the two frames was that the lattice bars in 
the 18-inch planes of No. 9 were riveted directly 
to the chords, while in No. 10 gusset plates were 
used and the working lines of all members at each 
joint intersected at a common point. Photographs 
of the frames are shown in Figure 21. 

Frames No. 11 and 12 were of identical tri- 
angular section with % inch by % inch by ^ inch 
iUf angle chords. The latticing in No. 11 consisted 
of 3^ inch by 3^ inch by 3i6 inch single-angle diag- 
onals with the panel points in adjacent planes 
staggered as in Frame No. 1. The latticing in No. 
12 was composed of 3^ inch by y2 inch double 
diagonal straps and 3^ inch by 3^ inch by 3l6 inch 
single-angle struts as in No. 5. Figure 13 indicates 
the joint details and Figure 22 shows photographs 
of the frames. 

TABLE I 
WEKJHTS OF FRAMKS 



Frame 
No. 


Weight, 
poundti 


Frjiriic 
No. 


Wci*?lit. 
poundti 


FrHiiic 
No. 


(mjuikJh 


1 


ll.H 


5 


10 4 


9 


ir*.i 


i 


11. K 


(> 


1(».7 


10 


^l.ii 


:i 


li.i 


7 


lO.JJ 


11 


10.) 


4 


n.7 


H 


li.i 


H 


<>.4 



Table I shows the weights of the franu*s. Tlic 
nominal dimensions and measured section ele- 
ments of the members to be referred to in this 
I)aper have been included in Figures 4, 11 and 13. 
I'able II gives a summary of the mechanical i)ro|>- 
erties of the material used. 



Procedure 



IX order t(» investigate the structural action of 
the frames under a \ ariety of loading conditions 
each was subjected to a series of beam, torsion and 
comi)ression tests. The loads in l>ending and tor- 
sion were kept well within the limits of elastic ac- 
tion, while those in compression were carried to 
ultimate failure. 

*.\l(oa Die No. K,HH4. 



The beam tests were made in a 40,000 pound 
cajiacity Amsler hydraulic testing machine using 
an intermediate load range. Figure 1 shows a 
ty|)ical set-u|) for one of the s(|uare frames sub- 
jected to a concentrated load at the center of a 
sj)an of 108 inches. \'ertical deflections were meas- 
ured by means of a dial indicat<»r, graduated to 
0.001 inch, with respect to the auxiliary lx?am sup- 



i] 



MODEL TESTS OF LATTICED STRUCTURAL F R A .AX E S 

TABLE II 

PROPERTIES OF MATERIAL USED FOR LATTICED STRLCTLRAL FRAMES 

(Alcoa 17 S-T Alloy) 



Section 



lb. 



Ten.sile 
^tren)^h, 
per sq. in. 


Tensile 
Yield 
Stren^h 
! (0.^*,f set), 
1 lb. per sq. in. 


(ompres.sivr 

Yield 

Strength 

(0.^*f set), 

lb. per sq. in 


58 800 
58 500 
57 800 


' 45 400 
44 SOO 
44 400 


37 400 

3H 300 
3S 400 



Elongation 

in 'i Inches, 

per cent 



% inch by % inch by A inch — 90° angle . 
% inch by % inch by ^2 inch — 00° angle 
y^ inch by J/-;^ inch by }4 inch— 00° angle 



19.0 

19.8 
IHO 



porting the frame in the testing machine. The 
stress distriliution in typical members was in- 
vestigated by means of Ilnggenberger tensometers 
on gage h*ngths of 3^2 *iii*l 1 inch, nsed as indicated 
in Figure 1. 

Tlie torsion tests were niad<' in a hit he, one end 
of the frame being su[)port<'d on a plate fixed in 
the head of the hithe and the other simihirly 
mounted i)ut free to rotate on a !»all-hearirig center 
in tlie tail stock. Tor(jue was ai>phed by means of 
weights suspended from a beam attached to the 
end phite as sliown in Figure 2. Measurements of 
twist were ma(U' using a knel bar, while stresses 
were determined by means of tensometers. 

The comi)ression tests were made using an in- 
termediate load range of a 300,000 pound capacity 
Amsler hydraulic testing machine. Three types of 
loading were used as indicated in Figure 3, namely : 

1. Axial loads with negligible restraining mo- 
ments at the ends of the frames. The bearing heads 
of the testing machine were provided with spheri- 
cal seats, each of which rested on a nest of twenty- 
five hardened steel l)alls. The centers of rotation 
were at the bearing surfaces of the plates and thus 



at the ends of the frames. This type of loading was 
the one finally used for tlic deterinination of ulti- 
mate compressive strengths. 

2. Eccentric loads [yroducing a state of com- 
bined bending and direct stress with insigruficant 
amounts of transverse shear. Tliis loading was ol»- 
tained on the various frames by disjylacing lM»th 
ends the same amount and in the sann* dirccliou 
from the centers of the bearing heads. 

3. ()bli(jue loads producing a stale (»f combined 
bending and direct stress with rath<T large ainoimts 
of transverse shear. This loathng was obtaine<l on 
the various frames by displacing both ends <M(ual 
amounts but iii o[>posite directions from tlie ren- 
ters of the bearing heads. 

Stresses in the elastic range were measured by 
means of tensometers on gage lengths of J^ inch 
and 1 inch as in the beam and torsion tests. Values 
of deflection and twist were obtained by measuring 
with dial indicators, graduated to 0.001 inch, the 
movement of several points relative to auxiliary 
reference beams fastened to the frame of the test- 
ing machine. 



Results and Discussion 



THESE model tests have not only provided in- 
formation concerning the relative merits of 
different types of framing but have emi)hasized 
several points to be considered in design. The ex- 
perimental data and discussion presented in this 



paper pertain to three types of structural action, 
namely : 

(.4) The stresses and deflections produced in the 
different systems of latticing. 
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(B) The effect of joint eccentricities on the second- 
ary bending stresses produced in the chords. 

(C) The effect of lateral bracing on the ultimate 
compressive strength of the chords. 

(A) Lattice Bar Stresses 

In analyzing the behavior of the latticing in 
either the beam, torsion or compression tests under 
oblique loads the stress distribution in the eccen- 
trically loaded, single-angle members seems most 
important from the standpoint of design. Table 
III and Figures 4, 5, 6 and 7 summarize a few 
measured stresses obtained in bars of this type and 
indicate the nature of the bending action produced. 
In the square or triangular frames, where single 
rivets were used at the ends of the lattice bars, the 
average stresses in the riveted legs ranged from 65 
to 100 per cent greater than the average measured 
for the whole bar, yet the latter, in most cases, 
were within 10 per cent of the average computed 
values. The bending in the single-angle lattice bars 
of the rectangular frames having double-riveted 
connections was not so pronounced, but was of the 
same general type. 

Since the shearing deflection of a plane of lat- 



ticing is a function of the change in length of the 
individual members between connections, the high 
stresses in the riveted legs naturally influenced the 
deflections and rotations of the frames. This action 
is best illustrated by a comparison of the measured 
and computed values given in Tables IV and V. 
As will be noted, two sets of computed deflections 
and rotations have been given; one a nominal 
value based on average computed stresses and the 
other a value in which a correction has been made 
for certain secondary effects. In Frames No. 1, 2, 
3, 4, 9*, 10* and 11 the nominal shearing deflec- 
tions of the planes of latticing were increased by 
the ratios of the average measured stresses in the 
riveted legs of the angles to the average computed 
for the whole section. The effect of these bending 
stresses was most pronounced in the torsion tests 
since the rotations were almost entirely a function 
of shearing deformations in the latticing. In Table 
V, for instance, the measured rotations for Frames 
No. 1 to 4 ranged from 2.1 to 2.7 times the comput- 
ed values based on average lattice bar stresses, 
while these same measur- 
ed rotations were only 1.1 
* 18-inch planes. 



TABLE III 
STRESSES L\ SLXGLE-ANGLE LATTICE BARS 

All values are given in pounds per square inch and are aver- 
ages for several sections on each bar. 
The loads and torques are as given in Tables IV and \'. 




Frame and Type 
of Test 



TENSION BAR 



Measured 



Gage Line 



1 



Avg. 
1&2 



Avg.f 



Comp.} 
Avg. 



COMPKE88ION BAR 



Measured 



Gage Line 



Avg. 
1 &2 



Avg. t 



Comp.} 

Avg. 

1.2&3 



No. 1 — Beam test .... 
No. 1 — Torsion test. . 
No. 4 — Ream test .... 
No. 4— -Torsion test.. . 
No. 9 — Beam test . . 

(18-inch plane) 
No. 9 — Torsion test.. . 

(18-inch plane) 
No. 11— Beam test. . . . 
No. 11 — Torsiwn test.. 



-1-3900 -1-3100 —2300 

+ 4200 -f270O —1800 
+ 5600 +2900 —1300 
+ 4700 +2300 — 900 
+ .5^0(1 +4^00 +1000 



+3500 
+ 3450 

+ 4200 
+ 3500 
+ 4700 

+ 4400 +3200 +1700 ^+3800 



+ 1950 
+ 1950 

+ 2500 
+ 2100 
+ 3800 

+ 3125 



+ 1850 
+ 1930 
+2220 
+2030 

+ 3380 



-3900 —3600 +2900 —3750 
-3900 —3400 +2.500 —3650 



2050 
2050 
1900 
2175 

5200 —4(500 + 900 —4900—3375 



-3900 —2700 +1700 
-4700 —2500 +1000 



-3300 
-3600 



— 2010 

— 1930 

— 1850 

— 2030 

— 3380 



I 



+ 2850 I —3400 —4100 + (iOO —3750 —2750—2850 



+ 5000 +4100 —.3400 +4550 +2450 +2030 ! 
+ 2.500 +1800 —1100 +2150 ' +12.50 +1280 



-4600—4,500 +4700 —45.50 
-200(» —2000 +1600 —2300 



2225 
M2.50 



-2030 

-1280 



t Weighted average, gage line 2 counted twice. For example (3900 + 2 x 3100 — 2300j +4 = 1950. 

t Secondary bending effects amounting to 8 per cent and 14 per cent of the applied shear are included for Nos. 4 and 9 respectively. 
All other values are nominal. 
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MODEL TESTS OF LATTICED STRUCTURAL FRAMES 
TABLE I V - SUMMARY OF DEFLECTIONS— BEAM TESTS 





Load, 
pounds 




DEFLECTIONS IN INCHES FOR 108-INCH SP.W 




Frame 

No. 


Meaiiured 


Computed* 


P Measured 
Computed 


Relative 
Stiffness** 




(1) (2) 


(1) (2) 




1 


400 


O.Uiy 


0.089 0.111 


1.41 1.13 


1.00 


^2 


400 


0.1^28 


0.089 0.1 11 


1.44 1.15 


0.98 


3 


400 


0.L'i6 


0.089 111 


1.53 L^« 


0.93 


4 


400 


0.146 


0.087 0. 1 U 


1.68 1.28 


0.86 


5 


400 


0.108 


o.kj:* 0.107 


1.03 1.57 


0.75 


6 


400 


0.158 


(KUKi 0.107 


0.97 1.48 


0.80 


7 


400 


0.108 


O.no 0.097 


1.15 1.73 


0.75 


8 


100 


O.^iOO 


o..'j:u 


0.92 . . . 


10 


!n 


1000 


0.118 


0.110 


1.07 


2.67 


5>t1 


1000 


0.120 


0.'>H 0,101 


2.07 1.19 


2.62 


lot 


1000 


O.Ul 


(MIO 


1.01 


2.84 


loft 


1000 


0.098 


o.oo.'J o.oh:{ 


1.18 1.12 


3.39 


11 


400 


0.176 


0.100 (tits 


1.76 1.19 


0.72 


u 


400 


O.L>2 


0.1 9:s nil") 


7!> 1.32 


0.83 



*(1) These are nominal values ba.sed on avera^*' eomi)uted .stre*^,ses. In Frame.s .\<>. 5. 6, 7 an<l 12 the tenhion dia^f^nals only were 
assumed to he effective, 

(2) The.se an' nominal vahtes modiHed as follows: (a) In Frariies No. 1, 2, 3. 10 jind 11 an allowance was made for In^ndinj? in 
the sin^le-an^le hit t ice hars, (h) in Frames .No. 5. 6, 7 and 12 tfie tt-n.^ion and (•oin[)n*s.>.ion .strap diagonals were a.ssumed to be 
equally etfective, (c) in Franjes No. 4 and 9 ( IH-inch [>lan»') an allowjine*' v\a> made for bending in b«)th chonl> and lattice bars. 
**'i''hese values an' ba.sed on measured drflrclions, udjiistrd for (•(jiial loads. 
tl2-inch plane. ttl^-i"'"ti I>lane. 



T A B L E V — SrMM.VR\ OF UOT.VTIONS TORSION TKSTS 





Tortjue. 
ineh-[)ounds 


HOTATIONS IN DKdKEES FOR 108-INCH LENGTH 




Frame 
No. 


Measured 


Computed* 


^ . Measured 
C^omputed 


|{elative 
Stiffne».s** 




(1) (2) 


(1) (2) 




1 


240(» 


1.00 


0.48 0.89 


2.08 1.12 


1.00 


« 


2400 


1.24 


0. IS 0.89 


2.58 1.39 


81 


3 


2400 


1.28 


0.48 0.89 


2.67 1.44 


0.78 


4 


2100 


1.19 


0,44 0.90 


2.70 1.32 


0.84 


5 


2 too 


2.04 


2.11 0.99 


(J, 97 2.06 


0.49 


6 


2400 


1.96 


2.11 0.99 


0.93 1.98 


0.51 


7 


2400 


L99 


1.77 0.80 


1.14 2.49 


0.50 


8 


68« 


7.88 


7.63 


1.03 


0(U 


9 


54(M» 


0.86 


(t.34 0.72 


2 53 1.19 


2.63 


10 


5400 


0.66 


(t.3!) 0.56 


1.69 1.18 


3. 40 


11 


982 


1.10 


0..>0 (».89 


220 1.24 


0.37 


12 


»82 


76 


1 76 iiX>:^ 


t;? 1.21 


54 



In Ki 



, 6. 7 and 12 thr ten-^ion rliag- 



*(1) These are nominal values based on average tomputed >tre.i>es in lattirr l);ir> 
onals only were assumed to be etfeetive. The chord stre.s.ses were neglected. 
(2) These are nominal values modified as folhnvs: (a) in Frame.s No. 1, 2. 3, 1(» and 11 an allowjincr was made for bending in 
the single-an^le lattice bars, (b) in Frames No. 5, 6, 7 and 12 the tension an*l compressitm strap diajjonal.t were assumed to be 
equally effective, (e) in Frames No. 4 and 9 ( 18-inch plane) an allowance was made for l>ending in both ch<>rd.s and lattice bars. 
**These values are ba.sed on measured rotations. adjust»*d for e(|ual tor<|ues. 
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to 1.4 times the computed values when the effect 
of bending in the lattice bars was included. 

Although the action of the single-angle lattice 
bars and its effect on the behavior of the frames 
was quite definitely shown, the procedure to be 
followed in computing the stress distribution ob- 
served is not apparent. A check on the stresses for 
the type of member shown in Figure 4, made by 
assuming the bars to act as eccentrically loaded, 
pin-ended members under combined bending and 
direct stress, gave maximum values almost double 
those measured, indicating that the bars were not 
pin-ended and that the moments could not be 
computed directly from the joint eccentricities 
given. It was found, however, that if all the bend- 
ing was assumed to occur about the axis parallel 
to the riveted leg, as is suggested by the distribu- 
tion diagrams shown in Figure 4, a fair check on 
the measured stresses could be obtained. 

The computation of the stresses in the single- 
angle lattice bars of Frame No. 9 was further com- 
plicated by secondary bending moments resulting 
from both the rigidity of the joints and the ec- 
centricity of framing. No satisfactory general 
method was found for calculating the measured 
stress distribution in these members although a 
fair agreement between average measured and 
computed values was obtained by assuming the 
shear to be equally divided between the tension 
and compression diagonals. Actually the average 
tension was somewhat higher than the average 
compression. 

Figures 6 and 8 show the comparatively uni- 
form stress distribution found in the double-angle 
lattice bars of Frames No. 9 and 10. Not only were 
the average measured stresses in satisfactory agree- 
ment with those computed but the maximum indi- 
vidual values were only about 30 per cent higher 
than computed, a distribution in marked contrast 
to that observed in the single-angle bars. The 
stresses in the outstanding legs of the angles near 
the gusset plates were all somewhat low but this 
seems to be a characteristic behavior of meml^ers 
loaded through one leg. Table IV shows a good 
agreement l>etween the measured and computed 
beam deflections of Nos. 9 and 10 in the H-inch 
planes, emphasizing the merits of double-angle 
over single-angle latticing as far as the determinate 
action of such framing is concerned. 



In the foregoing discussion of the behavior of 
single- and double-angle lattice bars, experimental 
data have been taken from both the beam and 
torsion tests. Although the analysis of the beam 
tests was made according to conventional methods, 
some explanation may be helpful concerning the 
analysis of the torsion tests. The total torque was 
assumed to be resisted by separate shearing forces 
acting on each plane of latticing, the magnitudes 
of which were proportional to the depths of the 
frames. For the rectangular frames the shearing 
forces in the 18-inch planes were 1.5 times those 
in the 12-inch planes and for the square and tri- 
angular frames the shearing forces on each plane 
were equal. The magnitudes of these separate 
shearing forces were so adjusted that the total 
moment of the individual forces about the center 
of rotation was equal to the total torque. The rota- 
tions of the square and triangular frames were com- 
puted by dividing the shearing deflection of a 
plane of latticing by the distance from the center 
of rotation. In the case of the rectangular frames 
the average of the rotations computed for the 12- 
inch and 18-inch planes of latticing was used. As 
has already been indicated, the shearing deflec- 
tions of the planes of single-angle latticing were 
increased to allow for the bending observed in 
those members. 

The behavior of the double-diagonal strap lat- 
ticing of Frames No. 5, 6, 7 and l'^ was influenced 
by the initial tensions purposely introduced in the 
diagonals during fabrication to keep them taut, 
hence it was not possible to subject these frames * 
to a very exact analysis. The measured stresses in 
Nos. 5 and 7, for instance, indicated that about 80 
per cent of the total shear was carried by the ten- 
sion diagonals, while in the case of No. 12 about 
60 per cent of the shear was carried in this manner. 
The exact distribution depended, of course, both 
upon the initial tensions and the magnitude of the 
loads applied. The load-deflection and torque- 
twist curves shown for the different frames in 
Figures 9 and 10 indicate that those having double- 
diagonal strap latticing were the only ones for 
which linear load-deflection relations were not ob- 
tained. 

Tables 1\' and V give values of measured and 
computed deflections and rotations for the frames 
having strap-diagonal latticing. Two computed 
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values have been included, one based on the as- 
sumption that the tension diagonals only were 
operative and the other on the assumption that 
the tension and compression diagonals were equal- 
ly effective. From the relative magnitudes of the 
measured and computed values an indication of 
the proportion of the shear resisted by the com- 
pressive straps can be obtained. 

The tests on Frame Xo. 8 clearly emphasized 
the weaknesses of (juadranguhir framing as com- 
pared to the other types of latticing used. In the 
beam test, for instance, the measured deflection 
was about ten times that found for Xo. 1 under 
the same load. In the torsion test the difference 
was even more [jronoimced, the rotation being ap- 
proximately twenty-five times that found for Xo. 
1, An analysis of Xo. 8 by the method of slojie 
deflections* indicated, however, a very close agree- 
ment between the measured and computed stresses 
and defhu'tions, much Ix'tter, in fact, than found 
for some of the fratnes having diagonal latticing. 

(B) (^hord Stresses, lieufu (uid Torsion Tests 

Figures 5 to 8 and 1 1 to 18 show some interest- 
ing examphvs of tlu* stress distribution found in tlu* 
chords of the different models. Since the highest 
ratios of maxinuun to average stress \v(Te found 
in the beam tests, these have been used in most 
cases to illustrate the significant typ(*s of action 
observed. Although the average* measured and 
computed values were in fair agreement, it is at 
once apparent that the stress distribution on most 
of the sections investigated was far from uniform. 
The maximum indi\ idual stresses in Frames Xo. 
4 and 9, having the largest eccentricities at the 
joints, were '■2.7 an<l 4. 9 times the a\erage com- 
puted values respectively. Stresses in tlie other 
frames were as high as L8 times the average. These 
data indicate that for certain typ<\s of framing the 
matter of secondary stresses may b(* of consider- 
ably more importance than is generally recognized 
in design. 

As will be noted. Figures 5 to H and 11 to l.'J 
show both measured and computed chord stresses. 
The latter values have been included in an attempt 



to show how closely the behavior of such types of 
framing may be predicted by ordinary methods of 
analysis. It is obvious from the stress-distribution 
diagrams and the foregoing discussion concerning 
the stresses and deflections found in the different 
lattice systems that a simple computation of pri- 
mary stresses is not always adequate. 

In the ease of the single-angle chords involving 
diagonal latticing the joint eccentricities were ap- 
parently responsible for most of the secondary 
stresses observed. In view of the single-riveted 
connections used, joint rigidities were neglected in 
the analysis even though the chords were contin- 
uous. Figure 14 shows the aiuilysis made for the 
secondary bending moments in the chords of 
Frame Xo. 1. The jyrocedure, which was essentially 
the same f(»r all single-angle chords, with the ex- 
ce[)tion of those in Xo. 8, may be described as 
follows: 

1. The bending moments due to joint e<-cen- 
tricities were determined for each panel point. 
Moments about .Vxes 1-1 and '-i-'^, i)arallel to the 
legs of the angles, were selected for pnr[>ose of 
illustration, although a more direct s<»lution would 
have been obtained if tlie moments al)ont the 
princi[)al ax<vs had been (letermine<l since these 
were the ones finally used. 

"-L The relative stiffness factors or K \alues 
were determined for each |)anel length.! 

8. The moments applied at each joint were dis- 
tributed amctng the chord segments in [>ro[>ortion 
to the relative stifFiH^ss factors, K. 

k The final momenta for the sections in ((Ues- 
tion were resolved into comjK)nents al)Out the 
[>rincipal axes (Axes 3-3 and 4-1 in Figure U) 
an<l the bending stresses computed l»y the flexure 
formula, t 

.Vs [)re\ iously indicated, the moments in Frame 
Xo. 8 were determined by the method of sloj)e 
deflections. The comf)utation of chord stresses, 
however, was made according to the same pro- 
cedure as indicatetl in Item !■ above. 



*See '\itmly.*is of Staticalli/ I tidettrminntf Strurturt'.t hy the 
Slope Di'ffectioft Mtih(xi," Uy \\. M. Wu-sov, F. K. Ru hakt 
and Camillo Wkiss, liullrtiii No. lOS. I nivrrsity of lllinoi>. 



fSee ^'('ontunmu.f t rame.i of Heinforred Concreie,'" hy HardT 
( Hf)s.s iimi \. 1>. \IoK(;an (Jotin Wilrv and Sons, lliriij, 
p. 111). 

*S«H* '' Rejri.itance of Material^,'' by F. B. Seelt (John Wiley 
;in«l Sons. H>:i)', Chapter XV on l'nj*ymmelriral B<*nriinj?. 
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The agreement obtained between the measured 
and computed stresses in the single-angle chords, 
shown in Figures 11, 12 and 13 was suflBciently 
good in most cases to justify the methods of analy- 
sis used. The results shown in Figure 11 for the 
tension chords of Frames No. 1, 2 and 4 and in 
Figure 12 for both chords of Frame No. 8 were the 
best examples obtained. The stresses in the com- 
pression chords of Nos. 1, 2 and 4 were probably 
influenced somewhat by local distortions at the 
point of load application, while this factor com- 
bined with the uncertainty of the distribution of 
shear in the double diagonal straps complicated 
the analysis of Frames No. 5 and 1, The computed 
values for the latter, shown in Figure 12, were 
based on the assumption that 80 per cent of the 
shear was carried by the tension diagonals, a dis- 
tribution supported by the measured lattice bar 
stresses. In the case of Frame No. 12, it was indi- 
cated that about 60 per cent of the shear was car- 
ried by the tension diagonals and the computa- 
tions were based on such a distribution. 

The most important observation made from 
the tests on the single-angle chords was that the 
secondary bending moments could readily be de- 
termined from the eccentricities of framing and 
the stresses computed with reasonable accuracy 
by the ordinary flexure formula. Since the problem 
w^as one involving unsymmetrical bending, the 
moments about the principal axes rather than 
about the axes parallel to the legs of the chord 
angles were used. 

Figures 5 to 8 show the measured and com- 
puted stress distribution in the double-angle 
chords of Frames No. 9 and 10. The marked diff'er- 
ence in the range of secondary stresses observed in 
the 18-inch planes may be attributed entirely to 
the effect of joint eccentricities since in all other 
respects the frames and the loads to which they 
were subjected were identical. The maximum 
stresses in No. 10 in which the latticing was framed 
into gusset plates with the working lines of all 
members at each joint intersecting at a common 
point were less than one half those foiind in No. 9 
in which the latticing was riveted directly to the 
chords. From the agreement obtained between 
measured and computed values it is apparent, 
however, that both types of action were reasonably 
determinate from the standpoint of analysis. It is 



obvious from the stress distribution shown for 
No. 9 that the two angles composing the chord 
sections did not act as a unit. The same was prob- 
ably true for No. 10 although the bending moments 
were too small to indicate such a behavior. The 
use of additional stitch rivets between the angles 
of the chords undoubtedly would have produced 
a more unified action and lower bending stresses. 
Figure 15 shows the bending moment curves 
computed for the chords of Frame No. 9. The 
moments due to the rigidity of the joints, obtained 
by the method of moment distribution,* were as- 
sumed to be the same as those computed for No. 
10 in which the members at each joint had a com- 
mon point of intersection. In evaluating the rela- 
tive stiffness of the different members the moment 
of inertia of the chord section was taken to be 
twice that of a single chord angle, i.e., integral 
action between the two angles of a chord was not 
assumed. In computing the primary stresses from 
which the angle changes were determined the 
shear was equally distributed between the tension 
and compression diagonals. 

As indicated in Figure 15, the moments due to 
the rigidity of the joints were of small magnitude 
in comparison with those resulting from joint ec- 
centricities. The latter were obtained by consider- 
ing the chord to act as a continuous beam sup- 
ported at the panel points and subjected to loads 
equal to the vertical components of the lattice bar 
reactions. The fixed-end moments at the panel 
points were computed and distributed to the mem- 
bers at each joint in proportion to their relative 
stiffnesses. 

The bending stresses in the chords of No. 9 
were computed from the sum of the moments 
shown in Figure 15, while in the case of No. 10 the 
moments due to the rigidity of the joints were the 
only ones considered. In both fnunes the two 
angles in each chord were assumed to act sepa- 
rately, each resisting one-half of the total bending 
moment. Since the problem was one involving 
symmetrical bending, the axes parallel to the legs 
of the angles were used. 

In Frame No. 9 the secondary bending mo- 
ments resulting from joint eccentricities were of 



*See *' Continuous Frames of Reinforced Concrete,'^ by Hardt 
Cross and N. D. Morgan (John Wiley and Sons, 1932), 
p. 242. 
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suflBcient magnitude to influence materially the 
beam deflections in the 18-inch planes. For a 
distance at each panel point equal to the eccen- 
tricity of the lattice bar connections there were no 
diagonals effective and the shear on the frame was 
resisted entirely by bending in the chords. The 
total deflection resulting from this action was com- 
puted to be over one-third the nominal value 
given in Tal)le IV and almost enough to account 
for the difference in the measured deflections of 
Nos. 9 and 10. The shear deflection or offset at 
<*ach i)anel point was obtained by multi[)lying the 
slope of the chord as computed from the bending 
moment curves in Figure 15 by the distauce be- 
tween lattice bar connections. 

A second point of interest in cormection with 
thi^ high secoiuhiry stresses in No, 9 was their 
eff<'ct on the [irimary stresses. 'Ilie shear carried 
by the chords as a result of the bending moments 
shown in Figure 15 was sufficient to increa.se the 
average computed lattice l>ar stresses about 14 [)er 
cent over their nominal value. A similar efl'ect was 
found in the case of Frame No. 4 where the lattice 
bar stres.ses were incnNised about H per cent. The 
eccentric! ti(^s in the otluT s((uare frames having 
single-diagonal latticing were such as to decrease 
rather than increase the lattice bar stresses, the 
effect amounting to ahout 5 per cent. 

Figure (i slunvs the stresses measured in the 
chords of Frame No. 9 in the torsion test. As far 
as the effect of the joint eccentricities in the IH- 
inch planes of latticing was (-(mcerned, the be- 
havior was essentially the same as found in the 
beam test. The secondary bending moments were 
computed as a function of the shear in the same 
manner as descrilied in Figure 15. The computed 
direct stresses in the chords, which were either 
zero or relatively small in all the torsion tests, were 
obtained by sununing uj) tlie longitudinal com- 
ponents of the shear introduced by the lattice bars 
in adjacent j)lanes. 

Figure 8 shows the stress distribution found in 
the chords of Frame No. 10, loaded as a beam in 
the H-inch planes. The maxinumi chord stress€\s 
were only about "iO per cent greater than the aver- 
age computed and the measured beam deflection, 
as previously pointed out in connection with the 
action of the double-angle lattice bars, was within 
a few per cent of the nominal computed value. 



Figure 16 shows the secondary bending mo- 
ments computed for the chords of No. 10. Those 
resulting from the rigidity of the joints were com- 
puted by the method of moment distribution pre- 
viously referred to, while those due to joint eccen- 
tricities were obtained by the method illustrated 
in Figure 14. The oidy variation from the [)roced- 
ure indicated in the latter figure was that the 
m<»ments introduced at each joint were distribute*! 
to the lattice bars as well as to the chords. As is 
shown in Figure 8, the secondary stresses com- 
puted from the moments obtained were in satis- 
factory agreement with those measured. There 
were no appreciable bending stresses indifatcMi for 
tlu' lattice bars since the moments resulting from 
the rigidity of the joints were of alxjut ecpial 
magnitude but of op[)osite sign from those due to 
tlie eccentricity of framitJg. 

In the discussion thus far, em|)hasis has been 
placiMl u|»<m the two most significant tyi)es of ac- 
tion (»l>ser\<Ml in the beam and torsion tests: (I) 
the comparati\** behavior <»f single- and double- 
angle lattice bars and (^2) the effect of joint eccen- 
tricities on the secondary stresses proiiuced in the 
chords. .Vlthougli a numhiT of the sain*' chara<*ter- 
istics of behavior were not«'(l in th** comjiression 
tests, the f>rinci|)al object of the latter was to 
invest igaite the effect of lateral bracing on the 
ultimate compressive strength of the chords. 

(T) Chord Stresses, Coin prrssum Tests 

The data given in Tabh* \'I indicate thi' nature 
of the stress distribution found in tlu* chords in 
tilt* compression tests. The average measured 
stresses in all cases wen* in satisfactory agret'inent 
with those computcnl, while the maxinumi values, 
omitting those found in Frame No. 8. ranged as 
high as l.'^fi times the average. In vi*'w of the 
nature of the secondary' stres.ses observed in the 
chords in the beam and torsion tests, it would l)e 
expected that the highest ratios of maximum to 
average stress in compression w*)uld Ik* founri 
under the oblique loadings, yet su<*h was not the 
case. In nine of the eleven frames the higliest stress 
ratios were found under the axial or €*ccentric 
loadings. From the small differences indicate*! in 
Table Vr. h*nvever, it may \ye conclude*! that the 
secondary stresses pro*!uced in the ch*)r*!s by any 
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TABLE VI 

SUMMARY OF CHORD STRESSES— COMPRESSION TESTS 

All stresses are given in pounds per square inch for loads corresponding 
to an average chord stress, P/A, of 8000 pounds per square inch 







\XIAL LOADS, e = 




ECCENTRIC LOADS 


, e = 3 INCHES 


OBLIQUE LOADS, e = 


2 INCHES AT ENDS 


FRAME 
NO. 

(1) 


Maximum 
Measured 

(2) 


Average 
Measured 

(3) 


Average 
Computed 

(4) 


Ratio 

(2) 
(4) 
(5) 


Maximum 
Measured 

(6) 


Average 
Measured 

(7) 


Average 

Computed 

(Concave 

Side) 

(8) 


Ratio 

(6) 
(8) 
(9) 


Maximum 
Measured 

(10) 


1 
Average 
Measured 

(11) 


Average 

Computed 

(Concave 

Side) 

(12) 


1 

Ratio 
! (10) 

(12) 
(13) 


1 


8 800 


8 200 


8 000 


LIO 


13 100 


11 800 


12 150 


1.08 


11 200 


10 600 


10 760 


1.04 


2 


9 600 


8 300 


8 000 


1.20 


14 100 


12 500 


12 150 


1.16 


11 800 


10 600 


10 760 


1.09 


3 


9 400 


8 200 


8 000 


1.17 


14 600 


12 300 


12 150 


1.20 


12 000 


10 900 


10 760 


1.11 


4 


8 800 


8 200 


8 000 


1.10 


13 700 


12 200 


12 150 


1.13 


12 100 


10 800 


10 760 


1.12 


5 


8 900 


8 100 


8 000 


1.11 


15 200 


12 400 


12 150 


1.25 


12 400 


10 700 


10 760 


1.15 


6 


8 800 


7 700 


8 000 


1.10 


14 300 


11 700 


12 150 


1.18 


11 400 


9 900 


10 760 


1.06 


7 


10 400 


7 800 


8 000 


1.30 


IG 500 


11 800 


12 150 


1.36 


12 100 


10 400 


10 760 


1.13 


8 


13 400 
9 400 




8 000 
8 000 


1.67 
1.18 


















9 


8 100 


13 500* 


H 200 


12 150 


1.11 


9 600* 


8 400 


8 460 


1.14 


10 


8 700 


7 500 


8 000 


1.09 


13 200" 


11 300 


12 150 


1.08 


9 500* 


8 400 


8 460 


1.12 


11 


8 800 


7 800 


8 000 


1.10 


12 600** 


11 400 


11 570 


1.09 


12 100*» 


11 200 


11 570 


1.04 


11 










12 000*^ 
11 600^ 


10 800 

11 000 


11 100 
U 570 


1.08 
1.00 


11 400^ 
14 100^ 


10 600 
10 200 


11 100 
U 570 


1.02 


12 


8 100 


7 600 


8 000 


1.01 


1.22 


hi 










i:i 200*^ 


11 000 


11 100 


1.19 


12 300*^ 


10 300 

i 


11 100 


1.11 



a — Axis of bending parallel to long sides, e = 3 inches, 
b — Axis of bending parallel to one side, e = 2 inches, 
c — Axis of bending normal to one side, e =2 inches. 

Average measured stresses given for sections showing maxinmm measured values. Stresses under oblique loads measured in 

end panels of all frames except Nos. 9 and 10, where values were taken on a section 9 inches from the center. 

Average computed stress = P/A (l+ec/r^) where: 

6 = distance between load line and neutral axis of section, inches. 

c = distance between center of gravity of cliords and neutral axis of section, inches. 

r = radius of gyration of section, inches. 



one of the three types of compressive loads were 
not of serious magnitude. 

Although no lattice bar stresses have been 
given for the compression tests, it was found that 
the double-diagonal systems were effective in car- 
rying i)art of the applied loads. In Frames No, 5, 
(), 7 and 1*2 it was noted that all the straj) diagonals, 
which originally had some initial tension, buckled 
laterally in the early stages of the tests. Moreover, 
the average measured and computed chord stresses 
given in Table VI for these frames are consistent 
in most eases with the fact that participation 
stresses were developed in the latticing. A similar 
observation was made in the case of Frames Xo. 



9 and 10 where double-diagonal latticing was used 
in the 18-inch planes. In five of the six cases in- 
vestigated on these frames the average measured 
chord stresses were less than the average computed. 
For tlie case of axial loads on Frame No. 10 the 
double-diagonal lattice bars were computed to 
carry about 8 per cent of the total load,* The 
measured stresses in the chords of this frame indi- 
cated that about 6 per cent of the total load was 
carried by the double-diagonal lattice bars. 

Table \TI gives a summary of the lateral de- 



*For method of compulation see ''Modern Framed Structures, 
Pari //." by Johnson, Bryan and Tckneaure (John Wiley 
and Sons, 191 1), p. 3C7. 
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flections measured in the compression tests under 
eccentric loads. Since only small shearing stresses 
and deformations were developed in the latticing, 
a very satisfactory agreement between measured 
and computed deflections was obtained. In the 
beam and torsion tests, it will be recalled, the 
difficulty encountered in computing deflections 
and rotations was due i)rincipally to the action of 
the single-angle hit t ice liars under transverse 
shears. 

Table VIII gives a suniinary of the niaxirtnun 
loads carried by the frames and the corresponding 
ultimate comi)ressive strengths of the chords. Fig- 
ures 17 to 'i'i inchisive show the franu's after fail- 
ure. Several observations were made which have 
an im[)ortant l)earing upon the influence of the 
latticing used. Frame NO. 1 was considerably 
stronger than any of the othcT s<|uare frames Iw- 
cause th(* panel points in adjacent |>lan<'s were 
staggered and the lat<Tal restrnint tims provichul 
prevent<Ml failun* (»t' the chord sc^gUH'tits about the 
axis of least stiffness. Where tlx' panel [)oinfs in 



T A B I. K 



I 



SUMMAin (H LVTKHAL DKFLKCriOXS 

( OMPRKSSION TKSTS 
Kcc'cntric'ity, v, ('(luiil^ .'J iiidirs i'X('«'[»t as noted. 



Frtuiie 
No 


L)ad.t 
pountls 


UtHeclions in inches 
for lOR^-S-inch length 




Measurrd 


1 Computed 


1 


4 000 


IH 


(MIO 


2 


4 000 


O.IH 


(KllO 


S 


4 (KM) 


104 


0.110 


4 


4 000 


(».U>4 


0.110 


5 


4 000 


OHO 


0.110 


6 


V 000 


O.UH 


0.110 


7 


1 0(»0 


0.104 


0.110 



7 


1 0(»0 


0.104 


0.110 


9 


H 000 


101 


0.110 


10 


S 000 


0.09H 


(».110 


11 


:{ 4l(» 


OO.jO* 


O.OGl 






0.(».i8*' 


0.061 


U 


:t 410 


OOatt*^ 


0.061 






0.051** 


0.061 



t — These loads corrosptJiid to an average iliorcl stress, 1* A, of 

8000 pounds per scpiare incli. 
» — Axis of bending parallel to one side, e = 'i inches. 
^ — Axis of bending normal to one side, e ^"^ inches. 



TABLE VIII 

SUMMARY OF ULTIMATE STRENGTHS 
COMPRESSION TESTS 

All Loads Applied Axially 



Frame 
So. 


Maximum 
Load, 
pounds 


Ultimate 
Compressive 

Strength, 
lb. per sq. in. 


1 slenderness 
! Ratio of 
Chord 
Segment. (L/r) 


Effective 

Slenderness 

Ratio 

CoeflBcient, K* 


1 


11 100 


^^ ^00 


85.3 


0.73 


^2 


H 7.50 


17 500 


85.3 


0.87 


S 


H 4.>0 


16 !)0(» 


85.3 


0.89 


* 


8 1)^0 


17 840 


85.3 


0.80 


5 


7 540 


15 080 


85.3 


0.95 


(» 


8 150 


16 :ioo 


85.3 


0.91 


7 


8 (;50 


17 :joo 


85.3 


o.ss 



11 ^nm 



85.3 






•^5 urn 


'45 um 


5^.3 


1.00 


10 


-Hi 7-^0 


•2(i 7*^0 


5^.3 


0.93 


11 


10 810 


^>5 380 


67. (» 


0.79 


\'l 


9 370 


^l 000 


67 


9* 



*I)eterinined from curve of <-ohirnn strengths f<>r < honi sec- 
tions, shown in Figure "2^.1, and th<* slmderness ratio, I. r. of 
the chord segments. 



adjacent |)lanes coincided, h(»\ve\<T, as \va> tlie 
case in NOs. "Z to 7, there was nc»thin^^ to [)revent 
the chord .se^'inents from failing in th(»ir weakest 
direction and hence lower strengths were ohtained. 
Fi<^'iire 17 shows these two types of colninn action 
as found in Frames Xo. 1 and ^i. 

As noted previously, the douhle-diagonal strap 
latticing in Frames Xo. .*>, 6, 7 and hi buckled 
laterally in the early stages of the comi)ression 
tests, leaving only the angle struts effc^ctive as 
bracing. With the straps inoperative the lattic<» 
system was ai)parently reduced to a qiiadningular 
type with single-rivet connections at the joints of 
the struts and chords. For increasing loads, how- 
ever, the frames remained ((uite straight and free 
from twist until colla[)se. The action was entirely 
different from that observed for X'o. 8, which 
although it had rigid joints, failed by twisting at a 
much lower load. 

Frames Xo. 9 and 10 wliich had a slenderness 
ratio for the chord segments less than for the 
other frames naturally developed the highest av- 
erage stresses at failure. Figure •^l shows that fail- 
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ure occurred by buckling of the chords in the 18- 
inch planes. It should be pointed out that the 
slenderness ratio (L/r) of the chord segments act- 
ing as a unit and bending in this direction was 52.3, 
whereas the slenderness ratio in the 12-inch planes 
was 54.8. The direction of the failure indicates 
that the effective slenderness ratio (KL/r) was 
greater in the 18-inch planes. Lack of integral 
action of the two angles of the chords was no 
doubt responsible for this condition. 

The ultimate strengths developed in the 60° 
angle chords of Frames No. 11 and 12 indicated 
the same fundamental difference in behavior as 
found between No. 1 and the other stjuare frames. 
The strength of No. 11, having the panel points 
staggered in adjacent planes of latticing, was 15 
per cent greater than found for No. 12 in which 
the panel points coincided. Figure 22 shows the 
failures obtained in these two frames. 

The values of effective slenderness ratio coeffi- 
cient, K*, given in Table VIII, were computed 
from the ultimate compressive strengths of the 
frames and the column strength data given in 
Figure 23. A value of K = 1.0 indicates an effect 
equivalent to round or hinged ends, while a value 
of K = 0.5 corresponds to complete fixity at the 
panel points. The values of the coefficient indi- 
cating the greatest restraint at the joints were 
found for Nos. 1 and 11 in which the panel points 
in adjacent planes of latticing were staggered. 
Since the axis about which the chords of these 
frames failed was not known, the slenderness 
ratios were arbitrarily based upon the least radii 
of g>Tation for the sections. The same procedure 
was used for all the single-angle chords with the 
result that the values of K obtained indicated, in 
some measure, the relative merits of the different 
types of latticing as far as the ultimate compressive 
strength of these frames was concerned. In the 
case of the double-angle chords in Nos. 9 and 10 
the slenderness ratio was based upon an 18-inch 
panel length and the corresponding radius of gyra- 
tion for the section, assuming integral action of the 
two angles. The values of K computed on such a 
basis were probal)ly higher than would have been 

*The term, K, as used in comiection with column streng^ths, 
indicates the effective slenderness ratio coefficient and ha^ a 
different meaning than when used in connection with the 
calculation of secondary stresses where it is a stiffness factor, 
I/L. 



found had the true nature of the chord action been 
known but they are satisfactory for comparative 
purposes. As will be noted, the greatest restraint 
was indicated for the panel points of No. 10 where 
gusset plates were used in the 18-inch planes. 

In order to obtain some definite information 
on the action of double-angle chords as influenced 
by the spacing of stitch rivets, auxiliary frames 
37.5 inches long, containing two 18-inch panels, 
were taken from the straight portions of Frames 
No. 9 and 10 after they had been tested to failure. 
One short specimen was cut from No. 9, desig- 
nated as No. 9 A, and two were cut from No. 10, 
designated as Nos. lOA and lOB. End frames were 
inserted at the cut sections and additional stitch 
rivets added to the chords of Nos. 9A and lOA to 
reduce the spacing to 13^ inches. The spacing of 
the stitch rivets in No. lOB was left at 514 inches 
as in the original frame. 

The tests on these auxiliary frames were made 
in the same manner as previously described for 
axial loads except that the bearing plates were 
fitted with plain instead of ball-bearing sjiherical 
seats. Strain measurements, made with Huggen- 
berger tensometers as before, indicated that the 
load was quite uniformly distributed among the 
four chords. Figure 24 shows the failures obtained. 

The compressive strengths developed by the 
auxiliary frames are given in Table IX along with 
the strengths of Frames No. 9 and 10 from which 
they were cut. The effect of the length of specimen 
is indicated by a comparison of the results obtained 
on Frames No. 10 and lOB. Although both faikni 
by bending in the 18-inch planes, the shorter 
specimen was 10 per cent stronger. This increased 
strength j)robably resulted from the fact that in 
No. lOH one end of each chord segment in the 
two 18-inch panel lengths was restrained against 
rotation by the bearing heads of the testing ma- 
chine, whereas in No. 10 the ends of the interior 
panel lengths were restrained only by the latticing 
and the continuity of the chords. The indicated 
effective slenderness ratio coefficient for Frame 
No. lOB was 0.77. 

The effect of the stitch-rivet spacing upon the 
strength of the chords is indicated by a comparison 
of the results obtained on Frames No. lOA and 
lOB. Frame No. lOA, with a rivet spacing equal 
to 1^^ inches, was about 5 per cent stronger than 
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No. lOB, which had the original spacing of 5j^ 
inches. Although this difference in strength was 
not very great, it is significant to note, as shown 
in Figure 24, that No. lOA failed by bending in 
the 12-inch planes. Apparently the stitch-rivet 
spacing ol\)4, inches in No. lOA was small enough 
to produce substantially integral action of the 
chord angles and to produce failure in the direc- 
tion that would normally be predicted from a con- 
sideration of the relative slenderness ratios. 



The strength developed by Frame No. lOA 
indicates an effective slenderness ratio coeflScient 
equal to 0.69. Inasmuch as the center one of the 
three 12-inch panel lengths showed the first signs 
of failure, the length of the specimen had a smaller 
effect on the strength developed by this specimen 
than was the case with Frame No. lOB which 
failed in the 18-inch planes. Frame No. 9A failed 
in the same manner as did Frame No. lOA and 
developed practically the same strength. 



TABLE IX 
SUMMARY OF ULTIMATE STRENGTHS— AUXILIARY COMPRESSION TESTS 

All loads applied axlally 



Frame 
No. 


Length, 
inches 


Number of 
18-inch 
Panel 

Length.s 


Spacing of 
Stitch 
Rivets, 
inches 


Maximum 
Load, 
pounds 


Ultimate 
Compressive 

Strength, 
lb. per «q. in. 


Effective 

Slenderness 

Ratio 

Coefficient, K* 


Direction of 
Eailure of 
Segments 


9 


109.5 


6 


5% 


25 400 


25 400 


1.00 


IS-inch plane 


9A 


37.5 


2 


VA 


30 930 


30 930 


0.09 


12-inch plane 


10 


109.5 


6 


5% 


26 720 


26 720 


0.93 


18-inch plane 


lOA 


37.5 


2 


VA 


31 000 


31 000 


0.69 


12-inch plane 


lOB 


37.5 


2 


•''4 


29 -too 


29 400 


0.77 


18-inch plane 



Frames No. 9 and 10 tested with ball-bearing spherical seats. 
Frames No. 9A, lOA and lOB tested with plain spherical seats. 
*Determined from curve of column strengths for chord sections shown in Figure 23, and the slenderness ratio, L/r, of the chord 
segments. 



Summary of Results 



I 



N summarizing the results of this model study 
the following points should be emphasized : 

1. The maximum stresses developed in the 
single-angle lattice bars ranged from two to three 
times the average, while the bending produced in 
these members was sufficient in some cases to in- 
crease the shearing deflections of the frames al- 
most 100 per cent over the nominal computed 
values. The stresses and deflections found in the 
planes having double-angle lattice bars, however, 
were in very close agreement with those computed. 

2. The frames with single-angle latticing de- 
flected less under transverse shears than did those 
with strap-diagonal latticing, except in the case 



of Frame No. 12 where there was considerable 
initial tension in the straps. 

3. The quadrangular bracing used in Frame 
No. 8 was the least efficient of all the different 
types investigated. The deflection in the beam 
test, for instance, was about ten times that ob- 
served for No. 1 under the same load, yet No. 8 
was the heavier of the two frames. 

4. The action of the frames with double-diag- 
onal strap latticing was indeterminate from the 
standpoint of calculation because of the indefinite 
initial tension in the straps. The load-deflection 
and torque-twist curves obtained for Nos. 5, 6, 
7 and 12 were not straight hues because the 
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stresses in the compressive straps were high enough 
to reheve the initial tension in some straps. In the 
compression tests the straps buckled laterally, 
apparently becoming ineffective, but there ap- 
peared to be no tendency for the specimens to 
deflect or t^Yist because of the reduced rigidity. 
The double-diagonal latticing of Frames No. 9 and 
10 was apparently effective at all times. 

5. The secondary stresses produced in the 
single-angle chords in the beam and torsion tests 
were due principally to the eccentricities of fram- 
ing. A rather close check between measured and 
computed values was obtained by treating the 
problem as one of unsymmetrical bending. The 
secondary bending moments were resolved into 
components parallel to the principal axes and the 
stresses computed by means of the ordinary flexure 
formula. 

6. The secondary stresses in the double-angle 
chords in the beam and torsion tests resulted both 
from the rigidity of the joints and the eccentric- 
ities of framing. In Frame No. 9 the secondary 
stresses were of such magnitude as to have an 
appreciai)le influence upon the primary stresses 
and (IcHcctions. The stress distribution measured 
in this frame indicated that the two angles of the 
chord acted separately rather than as a unit. A 
closer spacing of stitch rivets would undoubtedly 
have produced a more unified action and lower 
secondary stresses. 

7. For the frames with diagonal bracing, the 
maximum stresses measured in the chords in the 



compression tests under axial, eccentric or oblique 
loads did not exceed the average computed value 
by more than 36 per cent. 

8. The most effective framing, as far as the 
ultimate compressive strength of the single-angle 
chords was concerned, was that found in Frames 
No. 1 and 11 where the panel points in adjacent 
planes of latticing were staggered. These frames 
carried from 15 to 47 per cent more load than those 
in which the panel points in adjacent planes coin- 
cided. In the latter group, where there was no 
question concerning the axis about which the 
chords failed, the end fixity at the panel points 
was estimated to be only about 20 per cent 
(K = 0.9). 

9. The highest ultimate strengths in compres- 
sion were obtained on the double-angle chords of 
Frames No. 9 and 10, where the effective radius of 
gyration was greater than for the single-angle 
members. Failure of the chord members in these 
tests was in the direction of the 18-inch i)lanes 
even though the slenderness ratio, assuming in- 
tegral action of the two angles, was greater in the 
direction of tlie l^-inch planes. 

10. In the auxiliary tests on short lengths of 
Frames No. 9 and 10, with the spacing of stitch 
rivets decreased from the original 51^' inches to 
}}/2 inches, the chords buckled in the direction of 
the 12-inch f)lanes as would be predicted fronj the 
relative slenderness ratios. The ultimate loads in 
these tests indicated an end restraint of about 02 
percent (K = 0.G9). 
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Figure 17. Frames No. 1 and "2 After Failure ix Compression Test. 
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FiGCRE 18. Frames No. 3 and 4 After Failure in Compression Test. 

[311 



ALUMINUM RESEARCH LABORATORIES 





Figure 19. Frames No. 5 and 6 After Failure in Compression Test. 
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Figure "20. Fr.\jvies No. 7 and 8 After Failure ix Compression Test. 
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Figure 21. Fr.a3ies Xo. 9 and 10 After Failure in Compression Test. 
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Figure 22. Frames No. 11 axd 1^2 After Failure ix Compressiox Test. 
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